Abstract. F-box and WD repeat domain-containing 7 (FBW7) has been characterized as a tumor suppressor, and its mutation or decreased expression has been observed in many types of human cancers. Our recent studies have uncovered that in pancreatic cancer, the KRAS mutation decreased FBW7 expression through phosphorylation and subsequent ubiquitination. Moreover, FBW7 inhibited aerobic glycolysis in pancreatic cancer via induction of thioredoxin-interacting protein (TXNIP), a mitochondrial localized tumor suppressor. The roles of FBW7 in anti-apoptosis and drug resistance via proteosomal degradation of myeloid cell leukemia-1 (MCL-1), which is an anti-apoptotic factor have been reported. However, the role of FBW7 in the chemotherapeutic resistance of pancreatic cancer to gemcitabine has seldom been reported. In the present study, we demonstrated that overexpression of FBW7 in pancreatic cancer cells rendered increased sensitivity to gemcitabine. Mechanistically, FBW7 promoted gemcitabine sensitivity via upregulation of equilibrative nucleoside transporter 1 (ENT1) at the protein level rather than the transcriptional level. In depth analysis demonstrated that the ENT1 protein level could be increased by lysosome inhibition. Taken together, our results demonstrated that FBW7 could be a target for improving the therapeutic efficacy of gemcitabine by induction of ENT1.
Introduction
Pancreatic cancer is one of the most aggressive and lethal malignant diseases worldwide. Due to the lack of early detection techniques, the disease is usually diagnosed at an advanced stage. Moreover, the highly aggressive and invasive nature of this disease makes surgical resection difficult since at diagnosis, it usually has metastasized to nearby and distant organs. Thus, only a small portion of patients are indicated for surgery, and even in this case, the 5-year survival rate remains disappointedly steadily at ~7% (1, 2) . Chemotherapy is an important alternative for the systematic treatment of pancreatic cancer (3) . However, conventional radiotherapy and chemotherapies have limited efficacy in improving the overall survival of patients diagnosed with pancreatic cancer, since this disease is highly resistant to almost all chemotherapeutic agents and traditional radiotherapies (4) . Gemcitabine (2',2'-difluorodeoxycytidine) is the standard first-line anticancer agent for pancreatic cancer (5) . Although gemcitabine shows significant benefits in patients, the response rate and prognosis remain disappointing and it shows a modest benefit in terms of progression-free, disease-free and overall survival (6) . Therefore, any strategy that enhances the sensitivity of pancreatic cancer to gemcitabine may improve the prognosis of this fatal disease.
F-box and WD repeat domain-containing 7 (FBW7) is the substrate recognition subunit of an Skp1-Cullin1-F-box (SCF) ubiquitin ligase complex. FBW7 is deregulated in ~10% of all human cancers, usually by point mutations or decreased expression by epigenetic modifications (7) . FBW7 possesses tumor-suppressive roles by targeting a series of onco-proteins for degradation, including c-Myc, cyclin E, Jun, Notch intracellular domain (NICD), hypoxia inducible factor-1α (HIF-1α), Krüppel-like factor 5 (KLF5) and MCL-1 (8) . Through mutations or epigenetic silencing, decreased FBW7 expression drives proliferation, attenuates apoptosis, induces genomic instability and maintains stem-cell properties, which ultimately promotes tumorigenesis (9, 10 c-Myc, which promoted pancreatic cancer proliferation and progression (11) . Moreover, decreased FBW7 expression was found to render metabolic advantages to pancreatic cancer cells by inducing aerobic glycolysis through downregulation of thioredoxin interacting protein (TXNIP) in a c-Mycdependent manner (12) . Furthermore, we demonstrated that decreased FBW7 expression induced cancer antigen 125 (CA125) or Muc16 production in pancreatic cancer cells, which promoted the metastatic capacity of pancreatic cancer cells (13) . However, the contribution of FBW7 to pancreatic cancer chemotherapy and the underlying mechanisms have seldom been discussed. Key determinants of gemcitabine cytotoxicity include activities of the equilibrative nucleoside transporter 1 (ENT1), deoxycytidine kinase (dCK) and ribonucleotide reductase subunit 1 (RRM1) (14) . Gemcitabine is a highly hydrophilic chemical, and passive diffusion through the hydrophobic membrane is slow. Thus, it requires transporters to facilitate its intake. ENT1 is the membrane transporter protein that helps efficient permeation of gemcitabine into cells (15, 16) . Gemcitabine is a prodrug, and it must be phosphorylated by dCK as the rate limiting step for its cellular anabolism. dCK catalyzes gemcitabine monophosphate to its active metabolites, gemcitabine diphosphate and gemcitabine triphosphate. One mechanism of gemcitabine cytotoxicity is blocking de novo DNA synthesis through the inhibition of ribonucleotide reductase, thereby blocking production of the deoxyribonucleotide precursors needed for DNA synthesis. RRM1 and RRM2 are components that can be inactivated by difluorodeoxycytidine-5' phosphate. The triphosphorylated form of gemcitabine can be incorporated into DNA and leads to chain termination during DNA synthesis, promoting the apoptosis of pancreatic cancer cells (17) . Previous studies using large multicenter cohorts of patients with resected pancreatic cancer suggest that ENT, dCK and RRM1 levels predict the efficacy of gemcitabine and patient prognosis (14) .
In the present study, we analyzed the contribution of FBW7 to gemcitabine resistance in pancreatic cancer, and indicated that FBW7 increased the sensitivity to gemcitabine. We demonstrated that anti-apoptotic player MCL-1 was not influenced by FBW7 in pancreatic cancer cells. Thus, we examined the effect of FBW7 on ENT, dCK and RRM1. We demonstrated that among these determinants of gemcitabine efficacy, FBW7 regulated the ENT1 protein level. Moreover, membrane-bound ENT1 was increased in the FBW7-overexpressing cells. Finally, we demonstrated that the ENT1 level was influenced by lysosome inhibition instead of proteosomal inhibition, indicating a novel regulatory mechanism in ENT1 regulation. Collectively, our results provide novel targets for improving gemcitabine resistance in pancreatic cancer.
Materials and methods
Cell culture. Human pancreatic cancer cell lines PANC-1 and Mia PaCa-2 were obtained from the Shanghai Cell Bank (Shanghai, China). PANC-1 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 u/ml penicillin and 0.1 mg/ml streptomycin. As for Mia PaCa-2 cells, an additional 2.5% horse serum was used for its culture. The cells were maintained in a humidified incubator at 37˚C with 5% CO 2 .
Establishment of cell lines stably expressing FBW7. PANC-1 and Mia PaCa-2 cell lines that stably expressed FBW7 were established by lentiviral-mediated transfection. pCDHCMv-MCS-EF1-Puro (System Biosciences, Palo Alto, CA, uSA) was used for generation of the lentiviral-expressing constructs. Lentiviral particles were obtained by co-transfection of lentiviral constructs of FBW7 with psPAX2 and pMD2.G vectors into 293T cells in a ratio of 4:3:1. Stable cells lines were obtained by infection and subsequent selection by puromycin.
Cell viability assay. Cell viability was measured using the Cell Counting Kit-8 (Dojindo, Tokyo, Japan). Briefly, 200 µl medium containing cells (3,000/well) was seeded into 96-well plates. After culturing for the indicated times, CCK-8 solution was added to each well at 37˚C. After 2 h, the optical density (OD) values of each well were measured using a microplate reader at a wavelength of 450 nm.
Cell apoptosis analysis. Cell apoptosis was assessed using flow cytometry. For the cell apoptosis assay, PANC-1 and Mia PaCa-2 cells stably transfected with FBW7 were incubated in the absence or presence of gemcitabine for 24 or 48 h. The percentage of apoptotic cells was analyzed by staining with fluorescein isothiocyanate-conjugated Annexin V and propidium iodide (Invitrogen, Carlsbad, CA, uSA), followed by flow cytometric testing.
Quantitative real-time PCR. Total RNA was extracted using TRIzol reagent (Invitrogen). Takara PrimeScript RT reagent kit was used for reverse transcription to obtain cDNA (Takara, Tokyo, Japan). The expression status of the candidate genes and β-actin was determined by quantitative real-time PCR using an ABI 7900HT Real-Time PCR System (Applied Biosystems, Foster City, CA, uSA). Primer sequences are listed in Table I .
Western blotting. Cells were lysed in RIPA buffer (150 mM NaCl, 1% NP-40, 50 mM Tris/HCl, pH 8.0 and 10% glycerol) containing protease and phosphatase inhibitors purchased from Selleck (Houston, TX, uSA). Cell debris Table I . Primer sequences used in quantitative real-time PCR.
F, forward; R, reverse; ENT1, equilibrative nucleoside transporter 1; dCK, deoxycytidine kinase; RRM1, ibonucleotide reductase subunit 1.
was removed by centrifugation at 12,000 rpm for 20 min at 4̊C. Thermo Pierce ® BCA Protein Assay kit was used to test the protein concentrations. Equal amounts of protein lysates were subjected to 10% SDS-PAGE and then transferred to polyvinylidene difluoride (PVDF) membranes. The FBW7 antibody was purchased from Bethyl Laboratories (Montgomery, TX, uSA). Antibodies against ENT1, RRM1 and β-actin were obtained from Proteintech (Chicago, IL, uSA). The dCK antibody was obtained from Abcam (Cambridge, MA, uSA).
Membrane protein extraction. In order to detect the distribution of proteins on the cell membrane, Mem-PER™ Plus Membrane Protein Extraction kit (Thermo Fisher Scientific, Inc., Waltham, MA, uSA) was used for the extraction of membrane proteins. APT1A1 and TFR antibodies that were purchased from Proteintech were used as loading controls.
Immunohistochemistry. Paraffin-embedded tissue slides were deparaffinized in xylene, rehydrated through graded alcohol solutions, blocked in methanol containing 3% hydrogen peroxide, and then incubated in the FBW7 and ENT1 antibodies. Following rinsing with phosphate-buffered saline (PBS) solution, the slides were incubated with secondary antibodies and peroxidase reagent at room temperature. Finally, the slides were incubated with 3,3'-diaminobenzidine solution at room temperature for 10 min and counterstained with hematoxylin. The use of human PDAC tissue specimens was evaluated and approved by the Ethics Committee of Fudan university Shanghai Cancer Center, and written informed consent was obtained from all participants.
Immunofluorescence. To observe the cellular distribution and endogenous levels of the indicated proteins, immunofluorescence assay was performed. In brief, the cells were fixed with 4% paraformaldehyde at room temperature. Then, 0.5% Triton X-100/PBS solution was used to permeabilize the cells. After washing the slides with phosphate-buffered saline with Tween-20 (PBST)/bovine serum albumin (BSA), the slides were blocked with PBST/BSA for 1 h at room temperature. The cells on the slides were stained with primary antibodies followed by PBST washing for five times, and then secondary antibodies were applied. vectashield ® Mounting Medium with 4' ,6-diamidino-2-phenylindole (DAPI) was used to label DNA and prevent slow fading of the fluorescence. A laser scanning confocal microscope (Leica Microsystems, Wetzlar, Germany) was used to detect fluorescence.
Results

FBW7 increases sensitivity to gemcitabine.
To assess the role of FBW7 in the efficacy of gemcitabine on pancreatic cancer cells, we overexpressed FLAG-tagged FBW7 in PANC-1 and Mia PaCa-2-2 cells, and the effect of overexpression was validated by immunoblotting with FLAG antibody (Fig. 1A) . We next studied the chemosensitivity to gemcitabine in the FBW7-overexpressing PANC-1 and Mia PaCa-2 cells. Empty vector (Ev)-transfected and FBW7-overexpressing (FBW7) pancreatic cancer cells were treated with the indicated concentrations of gemcitabine for 72 h. Significantly lower IC 50 values were observed in the FBW7-overexpressing PANC-1 and Mia PaCa-2 groups (Fig. 1B) . Next, we performed cell apoptosis assay, and our results demonstrated that introduction of FBW7 increased the apoptosis of PANC-1 and Mia PaCa-2 cells upon gemcitabine treatment, compared to the relative control groups (Fig. 1C and D) . Moreover, we observed an increase in the cleaved PARP1 level in the FBW7-overexpressing cells treated with gemcitabine, indicating an increase in apoptosis (Fig. 1E) . Taken together, the results indicated that FBW7 overexpression increased sensitivity to gemcitabine in pancreatic cancer cells.
FBW7 regulates the ENT1 protein level.
To ascertain the underlying molecular mechanism accounting for the effect of FBW7 on gemcitabine sensitivity, we first examined the protein level of MCL1, an anti-apoptotic protein that accounts for drug resistance in many types of cancers. MCL-1 has been reported to be an FBW7 substrate, but we detected no change in the MCL-1 protein level in the FBW7-overexpressing PANC-1 and Mia PaCa-2 cells, indicating that there may be other molecular mechanisms (Fig. 2A) . ENT1, dCK and RRM1 have been reported to be key factors indicating gemcitabine efficacy in pancreatic cancer (Fig. 2B) . Thus, we detected the mRNA levels of these genes in the FBW7-overexpressing PANC-1 and Mia PaCa-2 cells, but we detected no obvious changes in the mRNA levels (Fig. 2C) . Next, we examined the protein level of these factors, and observed that FBW7 overexpression significantly increased ENT1 at the protein level, but had slight impact on the RRM1 protein level (Fig. 2D) . Moreover, using two separate antibodies produced by different manufacturers, we detected no dCK level in the PANC-1 and Mia PaCa-2 cells. These results indicate that the regulation of gemcitabine resistance by FBW7 may due to the impact of the increase in ENT1 protein level.
FBW7 regulates ENT1 membrane distribution. ENT1 membrane localization is responsible for gemcitabine efficient uptake. Thus, we examined the membrane localization of ENT1 in FBW7-overexpressing PANC-1 and Mia PaCa-2 cells; loading controls were used by examining the protein levels of TFR or ATP1A1. Our results revealed that ATP1A1 was markedly altered, while no change in TFR was observed. Thus, we took TFR as a membrane loading control. In addition, our results indicated that overexpression of FBW7 increased the membrane distribution of ENT1 (Fig. 3A) . Furthermore, our results demonstrated that overexpression of FBW7 increased the total level of ENT1 and membranebound ENT1 as reflected by the immunofluorescence assay (Fig. 3B) . To further confirm the regulatory role of FBW7 on ENT1, we performed IHC staining in patients with PDAC. As observed, the ENT1 level was significantly higher in patients that displayed higher FBW7 expression, reflecting a positive correlation between FBW7 and ENT1 in PDAC patients (Fig. 3C) . Factors that are involved in protein levels include proteasome-mediated degradation and lysosomal degradation. Thus, we treated PANC-1 and Mia PaCa-2 cells with proteasome inhibitor MG132, but detected no obvious change in ENT1 levels in the PANC-1 and Mia PaCa-2 cells (Fig. 3D) . Then, we treated cells with one lysosome inhibitor chloroquine (CQ), and observed a significant increase in the ENT1 protein level. These results suggested a novel lysosome-mediated regulation of ENT1 in pancreatic cancer cells (Fig. 3E) . Further experiments demonstrated that combination of CQ application increased the sensitivity to gemcitabine in the PANC-1 and Mia PaCa-2 cells (Fig. 3F) . Moreover, our results demonstrated that treatment with the combination of CQ and gemcitabine increased the level of cleaved PARP1, further supporting the hypothesis that lysosome-induced ENT1 degradation may participate in the acquisition of gemcitabine resistance (Fig. 3G) .
FBW7 upstream regulator ERK regulates ENT1 abundance.
Our previous studies (11) demonstrated that ERK phosphorylates and destabilizes FBW7 in pancreatic cancer cells. To ascertain whether ERK regulates ENT1 abundance in pancreatic cancer cells, we first treated pancreatic cancer cells with MEK inhibitor uO126, and our results indicated that ERK inhibition upregulated the protein levels of ENT1 (Fig. 4A) . Furthermore, immunofluorescence results also demonstrated that uO126 treatment elevated ENT1 levels (Fig. 4B) . Next, we performed membrane protein purification, and observed an increase in the ENT1 level in the cell membrane (Fig. 4C) . These results suggest that ERK kinase activity may be responsible for the decrease in ENT1, which subsequently renders resistance to chemotherapy. Moreover, the ERK/FBW7 axis may function as a novel target for improving chemotherapy sensitivity.
Discussion
Pancreatic cancer is a lethal disease, and its death rate is almost equal to its incidence. Despite significant progress in the diagnosis and treatment of the disease, its 5-year survival rate remains desperately low at ~6%. Surgical resection, chemotherapy and radiotherapy are the primary options for the treatment of pancreatic cancer. However, due to early metastasis, only a small proportion of patients are suitable for surgery. Thus, gemcitabine-based chemotherapy has a pivotal role in the treatment of locally advanced and metastatic pancreatic cancer. Yet, the response rate is still unsatisfactory and gemcitabine resistance remains a hurdle for the improvement of overall survival. Thus, understanding the biological mechanisms involved in gemcitabine resistance may help to improve the efficacy of gemcitabine-based chemotherapy (18) .
Our previous studies uncovered novel functions of FBW7 as a novel tumor-suppressor in pancreatic cancer via suppressing c-Myc, and c-Myc-induced malignancies such as aerobic glycolysis, increased CA125 production and the resultant metastasis (11) (12) (13) . However, its role in the resistance to chemotherapy in pancreatic cancer has seldom been discussed. In the present study, we analyzed the contribution of FBW7 in gemcitabine resistance and observed that introduction of FBW7 renders sensitivity to gemcitabine in PANC-1 and Mia PaCa-2 cells. To uncover the underlying molecular mechanism, we firstly examined the level of anti-apoptotic factor MCL-1 in FBW7-overexpressing PANC-1 and Mia PaCa-2 cells. MCL-1 is a FBW7 substrate and possesses anti-apoptotic functions. Previous studies have demonstrated that MCL1 is overexpressed in many types of cancers, and its upregulation renders cytotoxic resistance (19) (20) (21) . However, in the present study, we observed no variations in MCL-1 in the FBW7-overexpressing cells. Thus, we investigated changes in the expression of three genes associated with gemcitabine uptake and metabolism, including ENT1, dCK and RRM1. Decreased expression of these genes was found to predict worse prognosis of pancreatic cancer patients and are associated with innate and acquired gemcitabine resistance. Our results demonstrated that FBW7 regulated proteins levels of ENT1 but not at the transcriptional level. To ascertain the possible mechanism, we treated cells with MG132, a proteasome inhibitor. The results indicated that MG132 exerted no significant impact on the protein levels of ENT1. Lysosomes are dynamic organelles that receive and degrade macromolecules from the secretory, endocytic, autophagic and phagocytic membrane-trafficking pathways (22) . The importance of lysosomes in oncogenesis, cancer progression, metastasis and apoptosis have been revealed in recent years (23) . Thus, we treated the cells with the lysosome inhibitor, chloroquinone, and observed a significant increase in the protein level of ENT1. These results suggest that lysosome-mediated degradation of ENT1 may play a novel role in the acquisition of gemcitabine resistance. However, the direct molecular mechanisms underlying the membrane endocytosis and lysosome degradation need further investigation. Membrane endocytosis and subsequent autophagosome and lysosome degradation is a multi-step process (24) . The membrane intake by vesicular traffic is the first step, and ADP-ribosylation factor (ARF) small GTPases regulate vesicular traffic and organelle structure by recruiting coat proteins to form cargos for intracellular traffic (25) . Among these ARF proteins, ARF1 and ARF6, are two of the best characterized ARF proteins that function in biological processes such as secretion, endocytosis, phagocytosis, cell adhesion and tumor cell invasion (26) . Membrane proteins that are sorted for intracellular transporting are transported to destinations such as the endoplasmic reticulum (ER), Glogi apparatus, autophagosomes and lysosomes. Recent years have witnessed the importance of membrane protein intracellular trafficking in the progression of cancer cells (27) (28) (29) . For example, epidermal growth factor receptor (EGFR) intracellular transporting and recycling have been observed in many cancers, promoting uncontrolled proliferation and metastasis of cancer cells (27, 30, 31) . Another example is the activated hepatocyte growth factor (HGF) receptor (Met) which undergoes rapid endocytosis and uniquitin-dependent sorting to the lysosomal degradation pathway (32, 33) . Recent studies have demonstrated that this mode of downregulation can be circumvented by mutant receptors bearing kinase-activating mutations that instead recycle to the plasma membrane. These mutant receptors can elicit enhanced signaling from endosomes, which is critical for cell motility and tumorigenesis (34) . Therefore, strategies to target membrane endocytosis and lysosomal degradation may provide novel therapeutic opportunities for inhibition of malignant behaviors such as proliferation, invasion and metastasis (35) (36) (37) .
In the present study, we demonstrated that the tumorsuppressor FBW7 promoted sensitivity to gemcitabine in pancreatic cancer cells. Mechanistic studies demonstrated that FBW7 increased the protein levels of gemcitabine transporter ENT1 in PANC-1 and Mia PaCa-2 cells. Further studies demonstrated that lysosomal inhibition by chloroquinone also increased the protein levels of ENT1. These observations indicated the novel functions of FBW7 in chemotherapy resistance and lysosome or autophagosome function (Fig. 5) , and uncovered novel aspects for improving drug resistance in pancreatic cancer.
